We report the cloning of cDNAs for rat liver apolipoprotein B (apo B) and the use of the cloned sequences to examine apo B expression at the level of mRNA in rat tissues. Fifteen putative apo B clones were identified by antibody screening of a rat liver cDNA library in the Xgtll expression vector. The identity of the clones was confirmed by immunological studies of the fusion protein products. All clones appear to contain sequences found only in apo B PI, the high molecular weight form of rat liver apo B. Blotting studies show that the clones hybridize to a single 20-kilobase liver mRNA species, sufficiently large to encode the entire apo B PI peptide, which is estimated to be 400 kDa in size. Apo B PI mRNA is abundant in liver and present in lower amounts in intestine but is absent in a variety of other tissues examined. This tissue distribution is consistent with that expected from studies on the in vivo synthesis of apo B. One clone, corresponding to a 240-base segment of the apo B PI mRNA, was sequenced and found to exhibit homology with a short region of rat apo E mRNA. Analysis of the secondary structure of the corresponding peptide did not show the preponderance of amphipathic a-helical structures characteristic of other apolipoproteins examined thus far.
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Apolipoprotein B (apo B) is a major protein component of mammalian very low density lipoproteins (VLDL) and chylomicrons and essentially the sole protein in low density lipoproteins (LDL) . It is essential for the assembly/secretion of chylomicrons and VLDL, since these lipoproteins are absent in individuals with abetalipoproteinemia, a genetic disorder in which apo B is not produced (1) . Apo B also functions as the ligand for the removal of LDL from the circulation by receptor-mediated uptake into a variety ofcells (2, 3) .
Despite intensive study, the structure of apo B has remained an enigma. It is among the largest peptides known, with estimates ranging from 250 to 550 kDa (1, (4) (5) (6) (7) (8) (9) (10) , and is extremely hydrophobic as well as very sensitive to proteolytic degradation, and only recently has limited amino acid sequence information become available (11) . Moreover, at least two major forms ofapo B are present in the circulation (8, 9, (12) (13) (14) (15) . In humans and most other mammals, the liver incorporates a 400-kDa species into VLDL, whereas the intestine incorporates a 210-kDa species into chylomicrons. However, the rat and mouse are exceptional in that their livers produce VLDL with comparable amounts ofboth these peptides (9, [13] [14] [15] . We call these high and low molecular weight forms of apo B P(eptide)I and P(eptide)III, respectively; they are the B-100 and B-48 species in Kane's nomenclature (1, 8, 9) . Although in the rat, PI is also accompanied by a slightly smaller component, PII, the two are very similar (9) and will be collectively referred to as PI. Peptide fingerprinting and immunological analysis suggest that PI encompasses a unique, PI-specific moiety joined to a second moiety which is identical or very similar to PIII (9, (16) (17) (18) . The possibility that the two peptides share common exons is also supported by the fact that most abetalipoproteinemic patients lack both PI and PIII (19) . Since our polysome run-off translation experiments argue against proteolytic processing of PI to PIII (unpublished data), this would most simply be accounted for by having separate PI and PIII mRNAs formed through differential processing of a single primary apo B transcript.
We have sought to clone nucleic acid sequences encoding the apo B peptides, in order to determine their amino acid sequences and to examine the origin of the various molecular weight forms of apo B. These efforts have been hampered by our inability to translate apo B mRNA either in vitro or in frog oocytes (unpublished) and by the scant amino acid sequence information available. Thus, attempts to obtain apo B clones from liver polysomes enriched for apo B sequences by anti-apo B immunoselection were unsuccessful, as was screening of cDNA libraries with mixed oligonucleotide probes. We now report the isolation of rat PI-specific cDNA clones identified by antibody screening of a rat liver cDNA library in the phage Xgtll expression system (20, 21 7.4) at 68°C and autoradiographed. Hybrid-selection and translation were as described (24) .
Subcloning and DNA Sequencing. cDNA inserts, isolated by EcoRI restriction of X phage DNA followed by electrophoresis through agarose and electrophoretic elution, were subcloned in pBR322 and M13. Plasmids and single-stranded phage DNA were isolated as described (25) . Sequencing was carried out by the dideoxy chain-termination method of Sanger et al. (26) , using synthetic oligonucleotide primers. Computer analysis ofDNA sequences used the programs and sequence files of Staden (27) , Lipman and Wilbur (28) , and Orcutt and Dayhoff (29) . ¶ RESULTS Isolation of Apo B cDNA Clones. Initial plaque-screening of the rat liver cDNA library in Xgtll was performed with 250,000 independent recombinants, using rabbit antibodies against pure rat apo B PI. This antiserum contains high-affinity antibodies that recognize epitopes specific for PI and lower-affinity antibodies that recognize epitopes common to both PI and PIII; thus, under the conditions used for the plaque screens, the detection of PI (about 100 pg) was an order of magnitude more sensitive than that for PIII. A total of 15 independent putative clones were isolated after three or more rounds ofpurification, and their identity was confirmed by immunological and RNA hybridization studies. Proc. NatL Acad Scd USA 82 (1985) expected for the intact fusion proteins (Fig. 1B) . Thus, the abundant species at about 95 kDa and the variable component very close to ,-galactosidase presumably represent degraded fusion protein fragments that have lost their apo B portions through proteolytic cleavage. Preliminary experiments indicate that this degradation occurs in vivo, a common problem with fusion proteins produced in E. coli, although the insertion site in Xgt11 and the use of the lon host were designed to minimize this problem (20, 21) . Synthesis of both .3-galactosidase and fusion proteins was dependent on induction with IPTG (data not shown). The reactivity of the fusion proteins or the apo B standards with anti-PI was unaffected by preabsorption of the antiserum with rat plasma freed of lipoproteins by ultracentrifugation at d > 1.21 g/ml (data not shown). In contrast, the same amounts ofrat apo B standards and intact fusion proteins failed to react with the anti-PI antiserum after it had been adsorbed with immobilized, highly purified PI (Fig. 1C) , while retaining reactivity with the affinity-purified anti-PI antibody subsequently eluted from the immobilized antigen (Fig. 1D) .
Since the anti-PI antibody used in the original screening reacted preferentially with PI as compared to PIII, it was expected that the clones might encode PI-specific antigens. This was indeed confirmed: antiserum that had been rendered specific for PI by adsorption with PIII maintained its reactivity with the fusion protein from clone 2 (Fig. 1E) ; the same was also true for clone 49a, as well as for the plaque assays of the complete panel of positive clones (data not shown).
Compared to the 116-kDa f-galactosidase peptide, the apparent sizes of the intact fusion proteins from clones 2 and 49a (130 and 122 kDa, respectively) are those expected for the maximum additional 14-and 6-kDa apo B peptide inserts that could be encoded by their 560-and 240-bp cDNA inserts, respectively. Characterization of the Cloned cDNA Sequences. Crosshybridization of the isolated inserts showed that, of the 15 apo B clones, 12 contained the identical 240-bp fragment represented by clone 49a, with the remaining clones 2, 29, and 40a (560, 360, and 800 bp, respectively) representing three additional nonoverlapping apo B PI sequences (data not shown).
The sequence of clone 49a (Fig. 2) shows a single open reading frame, continuous with that of lacZ. Chou-Fasman analysis (29) of the corresponding amino acid sequence predicts about 60% a-helix and 15%8-sheet; the a-helices do not have pronounced amphipathic features. A search of the Dayhoff data file ¶ showed no extensive homology for the amino acid sequence of clone 49a; however, a short stretch of its nucleotide sequence (bases 62-77 in Fig. 2 ) is highly homologous (15/16 bases) to a 5' region of rat apo E mRNA. Dot-matrix analysis (27) shows weak internal repetitive structure (about 40%o homology at intervals of about 40 bases). Clone 49a lacked a poly(A) tail, suggesting either that synthesis of cDNA was initiated by self-priming or that the 3' end had been lost during the cloning procedures.
Identification of mRNA for Apo B PI. On blots of rat liver total and poly(A)+ RNA, the nonoverlapping clones 2 and 49a both hybridized to a single major RNA species corresponding to about 20 kilobases (kb) (Fig. 3) , with diffuse hybridization in lower molecular weight regions probably representing partial degradation of this uncommonly large species. Since the 400-kDa human PI corresponds to an 11-kb coding sequence, this 20-kb mRNA would be almost twice the size necessary to encode a rat PI peptide. The probes also crosshybridized with a species of similar size in mouse, but not human, liver mRNA (data not shown). In contrast, under the same conditions no hybridization was observed with any component of RNA from rat kidney, heart, brain, or spleen; however, after prolonged autoradiographic exposure, a faint 20-kb band could be seen in the intestinal sample, whereas the other extrahepatic samples remained completely blank. Thus, the strong hybridization signal for the PI message in rat liver [about one-tenth of that for apo E mRNA in mouse liver (data not shown)], its presence in lower amounts in intestine, and its absence in the other extrahepatic tissues are consistent with the known restriction of apo B expression to liver and intestine.
Southern Blotting. Southern blotting analysis of mouse genomic DNA digested with various restriction enzymes (EcoRT, BamHT, Pst I, HindIII, or Kpn T) and probed with clone 2 yielded single bands in each case, suggesting that apo B PI is encoded by a single gene (data not shown).
DISCUSSION
The lack of amino acid sequence information for rat apo B and our consistent inability to obtain heterologous translation of rat apo B mRNA has precluded direct identification of the apo B clones by demonstration of sequence identity or by hybrid-selection/translation, respectively; however, the identity of the clones could be established by immunological the modified plasma VLDL (t-VLDL) that accumulates upon intravenous injection of Triton WR1339 (10) . The large size of the PI peptide, and the fact that t-VLDL protein is essentially pure apo B (10), argues against contamination of the immunogen with extraneous serum components. Indeed, immunoblotting studies indicated that this antibody reacted specifically with only the apo B polypeptides present in rat plasma or rat liver homogenates, and the antibody showed no reaction with lipoprotein-depleted rat plasma, rat plasma high density lipoproteins (HDL), or purified rat apo E under conditions that gave intense staining of PI and PIl standards as well as offusion proteins from the positive clones 2 and 49a (Fig. 1) . Moreover, preabsorption of the antibody with a large amount of lipoprotein-depleted rat plasma did not affect its reactivity with the fusion proteins or with the complete panel of plaques from positive clones. Conversely, when the antiserum was adsorbed with immobilized rat PI, which had been purified by sequential preparative NaDodSO4/PAGE and high performance gel exclusion chromatography, the reactivity towards the clone 2 and 49a fusion proteins was lost in parallel with that towards the PI and PIl standards. Finally, the affinity-purified antibodies recovered from the PI adsorbent again reacted with both fusion proteins and the apo B standards.
The significantly greater sensitivity of the original anti-PI antiserum for PI as compared to PIl raised the possibility that it would predominantly select clones containing PIspecific apo B sequences. This was indeed the case: all 15 clones remained positive in the plaque assay after the antiserum had been made PI-specific by adsorption with immobilized pure PIII, as did the fusion proteins from clones 2 and 49a on immunoblot analysis. Thus, the four nonoverlapping sequences represented in our apo B clones all derive from the region of PI that is absent from PIII. This is consistent with polysome run-off translation experiments which suggest that the PI-specific epitopes of the PI peptide are located in its COOH-terminal moiety; clearly, a cDNA for the corresponding 3'-terminal end of PI mRNA should be much more abundant in our oligo(dT)-primed library than that of the distant NH2 (5')-terminal PI/PIII-common moiety.
Additional strong evidence for the identity of the apo B PI clones comes from the RNA hybridization studies. First, and most important, the cDNA from the two independent clones 2 and 49a both hybridize to the same, very large mRNA species in rat liver, thus providing a direct physical link between these two nonoverlapping sequences, which were originally independently identified by their ability to encode separate PI-specific epitopes. Second, the large size of apo B PI (400 kDa) predicts a very large mRNA with a coding region of about 11 kb. This was indeed observed, since the rat liver poly(A)+ RNA species that hybridizes to the apo B cDNA has a size of about 20 kb (Fig. 3) . Third, in vivo pulse-labeling studies indicate that apo B PI accounts for about 0.1% of rat liver total protein synthesis (unpublished data), suggesting that apo B mRNA should be relatively abundant in liver. This is consistent with the relative intensity of the rat liver 20-kb species compared to that for mouse liver apo E, which constitutes about 1% of the mRNA in that tissue. Finally, the tissue distribution of the 20-kb putative PI mRNA is that expected from in vivo pulse labeling studies (unpublished data), which showed abundant synthesis of apo B PIII in both liver and intestine but of apo B PI in liver only, with neither form being synthesized in kidney and spleen. In agreement with this, none of a wider range of extrahepatic tissues showed specific hybridization when probed with PI cDNA, except for rat small intestine.
Unlike apo A-I, apo E, and other apolipoproteins, the sequence for clone 49a shows neither amphipathic helices nor pronounced internal repeats. Although in keeping with the possibility that apo B and apo E may be derived from a common ancestral sequence, since they bind to a common receptor, the significance of the near identity of a 16-base segment with the -10 to +6 base sequence of rat apo E remains to be determined; no other significant homologies at the amino acid or nucleic acid level were observed with other proteins or genes. However, since clone 49a represents only about 2% ofthe apo B coding region, questions ofinternal and external homologies will clearly remain until larger segments are sequenced.
The intractability of the apo B peptides has left their basic molecular properties in dispute. We base our size estimates (10) of 400 and 210 kDa for human PI and rat PIII, respectively, on the hydrodynamic properties of the purified peptides in concentrated guanidine hydrochloride. However, previous estimates for human PI The resolution to these protracted differences of opinion regarding the structure and biogenesis of the apo B peptides is now at hand through identification of the coding regions for their cloned mRNAs. 
